The RNA polymerases encoded by bacteriophages T3 and T7 have similar structures, but exhibit nearly exclusive template specificities. We have determined the nucleotide sequence of the region of T3 DNA that encodes the T3 RNA polymerase (the gene 1.0 region), and have compared this sequence with the corresponding region of T7 DNA. The predicted amino acid sequence of the TJ RNA polymerase exhibits very few changes when compared to the T7 enzyme (82% of the residues are identical). Significant differences appear to cluster in three distinct regions in the amino-terminal half of the protein. Analysis of the data from both enzymes suggests features that may be important for polymerase function. In particular, a region that differs between the T3 «"d T7 enzymes exhibits significant homology to the bi-helical domain that is common to many sequencespecific DBA binding proteins. The region that flanks the structural gene contains a number of regulatory elements including: a promoter for the 13. coli RNA polymerase, a potential processing site for RNase III and a promoter for the T3 polymerase. The promoter for the TJ RNA polymerase is located only 12 base pairs distal to the stop codon for the structural gene.
INTRODUCTION
Bacteriophage TJ is the prototype of a class of morphologically similar bacterial viruses that synthesize a new DNA-dependent RNA polymerase after they infect their hosts. The phage RNA polymerases are encoded by an early phage gene (which is itself transcribed by the host RHA polymerase) and consist of a single species of protein having a molecular weight of £a 100,000 daltons. They are highly specific in their template requirements and are responsible for transcribing the late phage genes from a series of phage specific promoters. Other members of the class include: coliphage TJ, Salmonella phage SP6, Pseudomonas phage gh-1 , Klebsiella phage K11 , Citrobacter phage Villl and Serratia phage IV (for reviews, see ref. 1 
and 2).
Because of their structural simplicity and high degree of template specificity the phage enzymes are attractive models for studies of RHA polymerasepromoter interactions. The best characterized member of the group, other than T7, is bacteriophage TJ. The TJ and T7 RNA polymerases are closely related.
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Heteroduplex analysis of T3 and T7 DNA indicates that the regions that encode the RNA polymerases (gene 1) have a sequence homology of about 85? (3)« Furthermore, promoters for the T3 and T7 EHA polymerases are quite similar; each consists of a highly conserved 23 bp sequence that differs significantly only over a 3 bp region (4) (5) (6) (7) (8) (9) . Despite these similarities, the two polymerases exhibit almost exclusive template specificities and neither enzyme will efficiently initiate transcription from a heterologous promoter (10) (11) (12) (13) .
The molecular basis for this specificity in promoter selection is of great interest. A number of attempts have previously been made to identify the region( s) of the RNA polymerase that might be important in determining promoter specificity.
By mixedly infecting E. coli with T3 and T7 phage that carried amber mutations within the structural genes for their respective ENA polymerases, Hausnann and coworkers were able to generate recombinant phage that encoded hybrid EHA polymerases with altered template specificities. Genetic analysis of the recombinants suggested that the region from 0.7 to 0.78 of gene length might be correlated with template specificity (H, 15). Subsequently, Ryan and McConnell analyzed the same collection of recombinants more rigorously by restriction enzyme analysis (16) . The latter authors concluded that the hybrid polymerase genes were the result of multiple crossover events, suggesting that more than one region of the RNA polymeraae might be involved in transcriptional selectivity. Their data implicated a role for the region from 0.25 to 0.6 of gene length in promoter specificity, together with a region near the carboxy terminal end of the enzyme.
We realized that an understanding of the basis for promoter specificity would require a comparison of the amino acid sequences of the enzymes. The gene that encodes the T7 RHA polymerase had been independently sequenced in two different laboratories (17, 18) . Discrepancies between the two T7 sequences led Moffat et al, to resequence the entire gene for a third time so as to resolve the differences (19) • In this work, we have sequenced the region of bacteriophage T3 DNA that encodes the T3 SNA polymerase and have compared this sequence with the sequence for the T7 RNA polymerase gene as deduced by Mof fat j^t jil. While our data do not provide a definitive answer as to how these EHA polymeraees select promoters, they do provide a baseline for future studies and suggest additonal lines of experimentation.
MATERIALS AND METHODS

DHA Sequence Determination
The gene 1 region of bacteriophage T3 was sequenced by the method of Maxam and Gilbert (20) using restriction fragments of DHA that had been isolated from wild-type phage particles of the Hausmann strain (21 ) . The region was sequenced in its entirety at least twice; 85? of the sequence was determined on both strands and all restriction sites used for end labeling reactions were overlapped by other sequence readings. The resulting sequence is displayed in Figure 1 . The region from position 2705 to 2899 »as independently sequenced by I. Holineux (personal communication) and the two sets of data are in complete agreement.
Computer Analysis
Individual DHA sequence gel readings were assembled and compared by means of a computer program based upon the logic of Staden (22) . These programs were written by GEC to run on a Hewlett-Packard HP1000 mini-computer. All analyses of amino acid and protein sequence data were performed on a Hadio Shack Model III microcomputer using programs written in BASIC by ¥TH. These programs are available upon request.
RESULTS
Sequencing Strategy
From previous work we knew that the gene 1 region of bacteriophage TJ (which encodes the RHA polymerase) was contained entirely within the 5450 bp Mbol C fragment. Furthermore, the physical end points of the gene 1 mRNA had been mapped to within 300 base pairs by hybridization to Hpal restriction fragments (23) . A detailed restriction map of the region was determined, and the region was sequenced by the method of Maxam and Gilbert using restriction fragments of T3 DNA that had been isolated from wild-type phage particles. The sequence is presented in Figure   1 , where it is compared with the sequence of the corresponding region of bacteriophage T7 DHA (19) Table I ). Lower case letters indicate that the particular amino acid substitution is conservative and is likely to occur in related proteins; upper case letters indicate that the particular substitution is a non-conservative change that is unlikely to occur in related proteins (28) . A domain that may exhibit nosology to the a,-a, region of the lambda repressor (and other sequence-specific DHA binding proteins; is indicated by two bars in the region from residues 231 to 250; an arrow indicates the position of a glycine residue that may be important in the spatial alignment of the region. T3   95  37  37  46  9  37  60  57  22  51  84  69  25  35  40  41  43  18  25  53   884   99804   FREQUENCY   T7   100  41  40  43  12  33  67  54  22  52  67  66  26  37  37  41  44  19  24  58   883   98870 promoters near the left end of the genome. The resulting polycistronic mRNA is subsequently processed by the action of RHaae III (9, 24, 25) . The RHase III site that lies Just ahead of the gene 1 mRHA in bacteriophage T7 is transcribed from positions 72 to 120 as numbered in Figure 1 . The RHA transcribed from this region can be represented as an extended stem and loop structure which may serve as a recognition signal for cleavage by the enzyme (Ref. 9 and Figure 3) . RNA from the corresponding region of bacteriophage T3 DHA can be drawn into a similar hairpin loop structure (see Figure 3) . Most of the changes between the T3 and T7 RHAs in this region are localized in the loops and not in the stem; those that do occur in the stem are compensatory so that pairing is maintained. It is reasonable to conclude, therefore, that bacteriophage T3 uses a similar processing mechanism for generation of monocistronic messenger RHAs from its early region, and that this is an authentic RHase III cleavage site. Similar RHase III processing sites have been identified in late T3 mHHAs by Haitra e_t &1 (6,26).
Just upstream of, and overlapping, the RHase III cleavage site in bacteriophage T7 DHA there is a weak promoter for E. coli HHA polymeraae designated as the C promoter (9) . The corresponding sequence in bacteriophage T3 DHA also appears to contain a weak promoter (see Fig. 1 ). The sequences of the two promoters in the-35 From previous work, we knew that a promoter that is recognised by the bacteriophage T3 RHA polymeraee was located close to the right end of gene 1 (27) . Table II where they are compared with the consensus sequence for promoters that are recognised by the bacteriophage T7 RHA polymerase. We have previously noted that the consensus sequences for the T3 and T7 late promoters differ significantly in only a small contiguous 3 bp region (from-10 to -12) (4, 8) .
Predicted Anino Acid Sequence and Structural Analysis of the Bacteriophage T3 RHA Polymeraae.
The gene 1 region of bacteriophage T3 DNA could encode a protein of 884 aaino acids having a molecular weight of 98,804 daltons (Table I) . Vhen the predicted We were particularly interested in the mechanism by which the T3 and T7 polymerases recognize their homologous promoters and whether we might identify Figure 4 -Homology of the T3 and T7 RNA polymerases with the binding domains of other sequence-specific DNA binding proteins. The amino acids of the putative DNA binding domains of a variety of proteins are depicted vertically (29) . Numbers in the left column correspond to position in the amino acid sequence of the lambda repressor. Humbers in the rightmost column correspond to positions of amino acid residues in the T3 and T7 RHA polymerases as numbered in Figure 2 . Residues in common with the T3 or T7 RNA polymerases are underlined. The boundaries of the a 2 and a, helices in the lambda repressor are indicated by shaded regions at the right (29) .
regions of the polymeraee that are involved in promoter recognition. Analysis of T3 and T7 recombinant phages by restriction enzyne analysis had suggested that the template specificity of the RHA polymerase might be correlated with the origin of sequences from 25% to 60? of gene length, aa well as a region near the right end of the gene (16) . As shown in Figure 2 , the carboxy-terminal portions of the enzymes are highly conserved, but significant clusters of amino acid substitutions are observed in the region from 0.25 to 0.6 of enzyme length (residues 221 to 530).
Because of the specificity of the phage RNA polymerases for their promoter sites, we wondered whether these enzymes might use a similar mechanism of sequence recognition as haa been proposed for other sequence-specific DHA binding proteins. To determine whether this region of the phage RNA polymerase is likely to assume a bihelical configuration, we analyzed the amino acid sequences by the method of Gamier ^t al (31) . The region that encodes the putative bihelical domain contains two regions of high alpha helical potential separated by a region of high turn potential (data not shown). The predicted helical regions are aligned with the amino acid sequence data presented in Figure 2 , where they are depicted as two shaded bars. It may be significant that the putative bihelical domain coincides with a region in which differences in the amino acid sequences of the T3 and T7 RHA polymerases are clustered.
DISCUSSION
The bacteriophage T7 and T3 RNA polymerases are attractive as models for studies of RNA polymerase:DNA interactions because they are closely related yet exhibit a high degree of template specificity. We have previously noted that the promoter sequences that are recognized by these polymerases differ significantly over only a 3 base pair region (4, 8) . In view of the conservation of the remaining portion of the promoter sequence, it is attractive to think that the region of the promoter classes might be localized to a discrete domain. An earlier study, involving T5 and T7 recombinants that encode RNA polymerases with altered template specificities, suggested that the hybrid polymerase genee arose as a result of multiple crossover events (16) . One interpretation of these results is that the template specificity of the polymerase does not reside in a single region, but is encoded by multiple non-contiguous segments of the gene. Alternatively, only certain combinations of T3 and T7 sequences may give rise to functional polymerases; switching a region that is solely responsible for template selection might require switching an addltonal domain with which the former closely interacts in the protein.
The structural conservation of the T3 and T7 EHA polymerase molecules is striking. Over 80^ of the amino acid residues are identical and the few changes that are observed fall predominantely into three or four clusters, mostly in the amino terminal portion of the enzyme. We do not yet know how to interpret these data. However, the finding that the phage EHA polymerases have a region of significant homology to the bi-helical domain of other sequence-specific DHA binding proteins, and that this region coincides with one of the clusters of amino acid substitutions between the two enzymes, suggests that this region may be important in recognizing the specific differences between T3 and T7 promoters. The validity of this hypothesis remains to be determined.
The bihelical domains of the lambda repressor-like molecules are thought to interact primarily with base residues in the major groove of the DNA helix. Some information as to how the T7 RHA polymerase contacts DHA comes from a series of experiments by Stahl and Chamberlin in which residues in the major and minor grooves of a T7 promoter were altered by exonucleolytlcally digesting one strand and repairing the DHA in the presence of base analogs (32) . Modifications that affected residues in the major groove had little effect on initiation by the T7 HHA polymerase or on elongation through the region. In contrast, modifications that affected residues in the minor groove strongly inhibited initiation while having little effect on elongation. Because only one strand of the helix was modified, and because modifications to purines that night affect the major groove were not tested, these experiments do not rule out the possibility that the T7 BHA polymerase might be making important contacts in the major groove, nevertheless, they do indicate an important role for minor groove contacts in some phase of initiation.
Despite the fact that the two phage EHA polymerases are closely related structurally and are predicted to have nearly identical sires (Table I) , the T3 EHA polymeraBe migrates more rapidly than the T7 EHA polymerase in SDS-polyacrylamide gels (14). We do not know the reason for this, but anomalous migration by other large phage proteins in this gel system has previously been noted (9) .
Bacteriophage T7 is the prototype of a class of bacterial viruses that encode new DNA-dependent RKA polymeraees after infection. Because T3 is the beat characterized member of the class (other than T7) we have concentrated on this system in the hopes that our comparative studies would shed light on the mechanism of promoter recognition by the phage RNA polymerases. The determination of the sequence of the structural gene for the T3 RHA polymerase has permitted us to develop a successful strategy for cloning and expressing the RHA polymerase gene (manuscript in preparation). The availability of the cloned genes for both the bacteriophage T7 and T3 RNA polymerases makes possible a wide variety of genetic and physical experiments that will allow us to characterize polymerase function in much greater detail.
